Abstract The problem of an isolated free-running propeller-rudder combination is tackled in the present paper. The activity concerns phase-averaged velocity measurements by LDV along two transversal planes of the wake, just in the front and behind the rudder. In addition, visualizations of the chordwise interaction between the tip vortex filaments and the rudder, performed using a time resolved CMOS camera, are presented. The major phenomena that affect the performance of a rudder in the race of a propeller, with special emphasis on unsteady-flow aspects, are highlighted in this paper.
Introduction
The knowledge of the interaction effects between the propeller and the rudder is nowadays a focal aspect for the improvement of the ship's performance. Actually, the present trend to increase the ship speed and the propeller thrust consequently has made the problem of the mutual interaction between the propulsor and the rudder particularly critical, because of the many spin-offs on the hydroacoustic, structural and propulsive performance of the ship. The propeller-rudder interaction can be seen as a particular example of the general problem of a lifting surface operating in the propeller slipstream anyway, and thus, it can be also extended to the case of the mutual interference between propeller and strut in a pulling-type podded propulsor (Atlar et al. 2005; He et al. 2005) . Propeller and rudder are considered as a propulsion unit in which the former is an active device that generates the thrust to keep the ship on move and the latter a control surface that produces the transverse force to keep the ship on course (Kracht 1992) .
The rudder's effectiveness in producing a turning moment is proportional to its lift force (side force), which depends on the dynamic pressure of the incoming flow. That is the reason why rudders are placed behind the propeller slipstream mostly, where the flow is accelerated. The larger dynamic pressure in the propeller slipstream improves the response of the ship to the rudder angle variations. This problem is rather critical at low ship speeds. Furthermore, a significant increase in the stall angle is achieved, letting large rudder angles be usefully employed in the lower speed manoeuvring situations.
On the other hand, in spite of a general improvement in the ship's manoeuvrability and control, the installation of the rudder behind the propulsor leads to a number of side effects, mainly linked to the unsteady nature of the propeller slipstream and the complex interaction with its vortical structures, more specifically the following:
-The unsteady and rotating slipstream of the propeller makes the rudder work at incidence even if it is made of symmetrical profiles, and even if it operates in cruise trim condition. The local incidence at the rudder leading edge changes along the appendage span periodically and, in the case of highly loaded propeller, can be such as to cause flow separation and an efficiency loss in manoeuvring. Developed area-disk area ratio 0.688 -The complex vortical flow induced by the propeller on the rudder can expose the rudder to the danger of cavitation (sheet cavitation, gap cavitation, vortex cavitation) and, hence, to serious structural damages in the regions where the cavities collapse. Periodic replacements and repairs to the damaged rudders increase the maintenance costs and decrease the ship's operating time (Shen et al. 1997b) . Furthermore, cavitation compromises the hydrodynamic and the hydroacoustic performances of the ship, with an overall worsening of the comfort on board. -The interaction of the propeller vortices with the rudder causes a complex stress at the blade frequency that causes noise, vibrations and fatigue stresses. Such an effect is amplified for the highly loaded propellers due to the bigger strength of the vortical structures. -Due to the mutual-interaction effects, the rudder can affect the blade circulation, resulting in load fluctuations along the azimuth, and, in the worst case, leading to cavitation on the propeller itself, with propulsive performance decay.
The accurate analysis of the flow around a rudder is a challenging task when the influence of the propeller is important. Actually, the need for an improvement in the detailed aspects of the rudder performance prediction has implied a rising interest in detailed numerical and experimental analysis, to be used for both new design approaches [as in the case of the twisted rudder (Shen et al. 1997b)] and to get a better insight into the complex mechanism of interaction with the propeller slipstream . The problem of the propeller-rudder interaction has been studied in literature through both experimental and theoretical approaches even if the former has regarded global performance measurements and flow visualizations mainly (Stierman 1989; Molland and Turnock 1992; Kracht 1992 ) and the latter has been limited to more or less simplified models that have not accounted for the complex dynamic of the vortex filaments along the chordwise evolution and after leaving the trailing edge (Tsakonas et al. 1970; Zhu and Dong 1986; Lee et al. 2003; Krasilnikov et al. 2003; Liu and Bose 2001; He et al. 2005; Greco and Salvatore 2004; Kinnas et al. 2006) . Shen et al. (1997a, b) studied the contributions of the propeller and the hull on the rudder cavitation (Shen et al. Fig. 6 Tip vortex-rudder interaction: port-side evolution (visualization at the frame rate of 4,000 fps) Fig. 7 Evolution of the tip vortex filament on the pressure side of the rotating-upper region (visualization at the frame rate of 4,000 fps) 1997a) and investigated the effect of twisted angles on rudder performances (Shen et al. 1997b ). The study concerned rudder spanwise circumferential averaged LDV measurements, surface pressure distributions, side force and drag measurements and cavitation tests. Felli and Di Felice (2004) investigated the velocity distribution just behind an installed propeller-rudder configuration by phase averaged LDV measurements.
From a physical point of view, the problem of the vortex-body interaction was tackled by Rockwell (1998) through several examples and a number of theoretical and experimental works dealing with the underlying physics of a vortex-blade/vortex-airfoil interaction (Ahmadi 1986; Johnston and Sullivan 1993; Marshall and Grant 1996; Wang et al. 2002; Liu and Marshall 2004) .
The lack of understanding of the unsteady features characterizing the evolution of the tip vortex filaments along the rudder as well as the requirement for an accurate description of the flow field around the rudder, for the geometry optimization and the performance improvement, has created the opportunity for a better insight into these aspects.
A distinguishing aspect of the present experimental activity is that the unsteady flow features characterizing the interaction between the rudder and the propeller are the main objectives of model testing. Specifically, the experimental analysis of the flow field around a propeller-rudder configuration includes LDV phase-sampling techniques (Felli and Di Felice 2005) and flow visualizations with high speed CMOS cameras.
The work is organized as follows. In Sect. 2 we deal with the description of the propeller and rudder models and the experimental set ups for the velocity measurements and the visualizations. In Sect. 3 we describe the test conditions. A presentation of the results of the experimental analysis is illustrated in Sect. 4. The conclusions are summarized in Sect. 5.
Experimental set up

Facility
Measurements were taken in the Italian Navy Cavitation Tunnel (C.E.I.M.M.). The tunnel, a Kempf and Remmers close jet type circuit, is developed along a vertical plan and measures 12 m wide by 8 m high. The test section is 2.6 m long and has a square cross section of 0.6 9 0.6 m 2 . Eight Perspex windows on the four walls (two for each side) enable the optical access. The nozzle contraction ratio is 5.96:1 and the maximum water speed is 12 m/s. The highest free stream turbulence intensity in the test section is 2% and, in the adopted test condition, reduces to 0.6% in the propeller blade inflow at 0.7 r/R, r being the radial coordinate and R the propeller radius. In the test section, the mean velocity uniformity is within 1% for the axial component and 3% for the vertical component.
Rudder geometry
The choice of the rudder geometry was oriented to a simple shape in order to limit those complex fluid-dynamic features that make measurements difficult to be understood, as much as possible. Moreover, simple geometries are fully adequate to provide CFD codes validation datasets whose role is central in the optimization process of the rudder geometry. Thus, a movable rudder having a rectangular planform and standard symmetrical sections with NACA 0020 profiles was designed.
The rudder was fixed to the top horizontal window of the tunnel at zero degree deflection, with the leading edge at about r = R from the propeller disk plane and a 50-mm offset from the propeller axis (Fig. 1 ). This arrangement minimizes the perturbation induced by the hub vortex. Overall, details of the rudder are summarized in Table 1 . 
Propeller geometry
The propeller used for the experimental activity was the INSEAN E779a model. This is a Wageningen-modified type, four-bladed, fixed-pitch, right-handed propeller, characterized by a nominally constant pitch distribution and a very low skew. This choice has been motivated by the experimentally based knowledge of such model propeller for which a dataset that collects hydrodynamics and hydroacoustic measurements is available (Cenedese et al. 1985; Stella et al. 2000; Di Felice et al. 2004; Pereira et al. 2004; Felli et al. 2006 Felli et al. , 2008 (Table 2) . Fig. 9 Chordwise evolution of the tip vortex filaments (visualization at the frame rate of 4,000 fps) 2.4 LDV experimental set up A sketch of the LDV experimental set-up is shown in Fig. 2 . Flow velocity was measured by means of a two component back scatter LDV system, which consists of a 6-W Argon Laser, a two-component underwater fiber optic probe, a 40-MHz Bragg cell for the velocity versus ambiguity removal, two TSI IFA 655 Doppler processors. In the adopted LDV system, the probe works in backscatter and allows measuring two orthogonal components of velocity field simultaneously. During the experiments, the probe was arranged to measure the axial and vertical components of the velocity in a fixed frame.
The three-dimensional velocity survey was performed in two separate steps rotating the experiment of 90°. More specifically, two configurations with the rudder fixed on the top and side window of the test section were used to resolve the U-W and the U-V velocity components, respectively. Phase sampling of the velocity signal was carried out by a rotary 7,200 pulse/revolution encoder and a synchronizer; the latter provides the digital signal of the propeller position to the TSI RMR (rotating machine resolver).
The correspondence between the randomly acquired velocity bursts and the propeller angular position was carried out by using phase-sampling techniques. The adopted procedure has been the tracking triggering technique (TTT) (Stella et al. 2000) because it allows the acquisition process to be efficient and fast. More information about this technique can be found in Felli and Di Felice (2005) .
The underwater probe was set up on a computercontrolled traversing system which allows to get a displacement accuracy of 0.01 mm in all the directions and to achieve a high automation of the LDV system. Particular care was required in the initial location of the measurement volume to reduce positioning errors of the two optical configurations. This was carried out by aligning Fig. 10 Chordwise evolution of the tip vortex filaments for J = 0.48 (top-left), J = 0.58 (top-right) and J = 1 (bottom) (visualization at the frame rate of 4,000 fps) Fig. 11 Image vortex mechanism for the leading edge and the spanwise motion of the tip vortex the measurement volume on a special target with known position as to the propeller disc center.
The tunnel water was seeded with 1-lm titanium dioxide (TiO 2 ) particles in order to improve the Doppler signal processor data rate. Water seeding was performed at the start of the tests, because it was experienced that the seed particle density remains almost constant for a long time in the facility. Data acquisition was accomplished by using a low end personal computer, while the post processing analysis, requiring several Gbytes of data storage and computational resources, was performed on a workstation.
High speed visualizations experimental set up
Flow visualizations were undertaken by making cavitations in the propeller tip vortices . Visualizations were performed by means of two high speed CMOS cameras, arranged to image the test section from two orthogonal directions. Figure 3 shows a sketch of the camera arrangement in the test section for the high speed visualizations. The cameras were two Photron-Ultima APX models, equipped with a 10 bit monochrome 1,024 9 1,024 px 2 CMOS sensor, with a full resolution frame rate up to 2-kHz that can be extended up to 100 kHz reducing the resolution. Lens with 2.8 f-number and focal lengths of 28, 60 and 85 mm were used for the visualizations.
The synchronization between the two devices was driven by an external impulse that triggers the acquisition of the first (Master) and second cameras (Slave), at the desired frame rate and with a selected delay Dt (in the present case Dt = 0). Particular care was taken for lighting the investigation area, which is a critical task for the visualizations at high frame rate, due to the reduced exposure of the sensor. In this regard, three 1,000-W lamps were used to illuminate the investigated area aiming at assuring a homogeneous distribution of the light over the imaged area and an adequate quality of the visualizations up to a frame rate of 4,000 Hz. To reduce the strong diffraction and aberrations due to the thick window and the water-glass-air interfaces, a prism filled with water was placed in front of the camera for visualizations with non-aligned camera optical axis.
During the visualizations, the static pressure of the facility was modulated, ranging between 0.4 and 0.7 bar. This assured an adequate identification of the propeller vortical structures during their evolution, without compromising the quality of the images for the occurrence of air bubbles. 
Test conditions
Velocity tests were carried out at the freestream velocity of 5 m/s and the propeller revolution speed of 25 rps, corresponding to the advance ratio J = 0.88. Based on the freestream velocity of 5 m/s and the rudder chord, the nominal Reynolds number was therefore around 1.36 9 10 6 . It should be added that velocities induced by the propeller led to an effective Reynolds of 1.63 9 10 6 at the leading edge of the rudder.
In the current configuration (i.e., zero deflection angle, clockwise propeller revolution) the location of the pressure and suction sides on the rudder is described in Fig. 4 .
Two dimensionless groups govern the rotor flow field in non-cavitating conditions: the advance ratio J = U ? /2nR, where U ? is the freestream velocity, n the revolution frequency and 2R the rotor diameter and the Reynolds number Re = C 9 U ? /t, where C and U ? are the chord of the rudder and the freestream velocity, respectively, and t the kinematic viscosity.
Experimental results
Visualizations of the propeller rudder interaction
The analysis of flow visualizations at high frame rate reveals interesting details about the complex interaction between the propeller slipstream and the rudder. The propeller induced flow field makes the rudder operate with a spanwise non uniform distribution of the hydrodynamic load. An inviscid interaction is evident when the tip vortex filament approaches the leading edge of the rudder: the effect of potential ''bumping'' due to the elliptical nature of the flow field deforms more and more the tip vortex as it moves toward the appendage leading edge (Fig. 5) . The characteristics of the tip vortex deformation are clearly illustrated by the visualizations in Figs. 6, 8 and 9, representing the starboard (i.e., right side looking from behind) and the port side (i.e., left side looking from behind) views and a bottom view of the rudder, respectively. In the first case, the vortical filaments are deflected off the center of rotation. This bending might be explained using the image vortex model, as illustrated in the sketch of Fig. 11 . In the second case, the vortex shape on the rotation lower (upper) region has a kink in the starboard (port) side of the appendage, just before coming into close contact with the rudder leading edge. The potential ''bumping'' of the rudder perturbs the hub vortex also, in spite of the 50-mm offset from the appendage. This is shown in Figs. 6 and 9 clearly: the hub vortex is moved downward and deformed to a shape which resembles that of the rudder profiles, when viewed from below. The image vortex model gives explanation of the aforementioned downward displacement of the hub vortex. In the leading edge region of the rudder, the vortex filaments appear to pinch off and end on the upper and lower rudder surfaces. This phenomenon, due to the effect of the viscosity, is accompanied by diffusion of vorticity from the vortex filaments and that within the rudder boundary as shown in Liu and Marshall (2004) for the case of a blade penetration into a vortex core and in Johnston and Sullivan (1993) for the propeller wake interaction with a 2D-wing. As the consequence of the contact with rudder leading edge, a substantial bending of the tip vortex occurs, causing the stretching of the filament and an evident reduction of the core radius. More specifically, during the chordwise evolution, the vortex filaments undergo a doublehelix breakdown (Sarpkaya 1971) on both sides of the rudder. On the low pressure side, i.e., port (starboard) side in the rotation lower (upper) region, one thread of the double helix (filament no. 1 in Fig. 9 ) hangs together with the vortex filament on the pressure side (filament no. 3 in Fig. 9 ), i.e., starboard (port) side in the rotation lower (upper) region, stretching more and more before breaking down at about 25% of the chord. The other one (filament no. Fig. 13 Rejoining of the tip vortex filament at the rudder trailing edge (visualization at the frame rate of 4,000 fps) 2 in Fig. 9) , with a bigger core radius, moves chordwise, flowing nearly parallel to the rudder surface up to the trailing edge. On the pressure side, the tip vortex filament (filament no. 3 in Fig. 9 ) undergoes a progressive stretching up to about 50% of the chord, with a sensitive reduction of the core radius, after which it breaks down following a spiral trajectory, as documented in Fig. 7 .
The breakdown features of the vortex filaments appear to be independent of the propeller loading conditions, and, thus, of the strength of the tip vortices. This is shown in Fig. 10 , through the chordwise evolution of the vortex filaments for different values of the advance ratio. A possible explanation for this behavior may be the intense stretching induced by the interaction between the tip vortex and the rudder leading edge (the core diameter is about one order of magnitude less than the rudder thickness). Moreover, the effect of the viscosity in the boundary layer causes a deceleration of the axial flow in the vortex core, as occurs when a vortex breaks down typically (Lugt 1996) .
Chordwise and spanwise misalignments are observed in the tip vortex as it moves along the rudder surface. The former is the consequence of the higher flow velocity over the suction side of a lifting surface. The latter can be explained as the superposition of three different effects:
-Image vortex effect. The image vortex effect is seen when considering a spanwise section perpendicular to the rudder (see Fig. 11 ). In this plane, the helical vortex segment now looks like a two-dimensional vortex near a surface. The vortex will move according to the direction imposed by the image vortex. When the tip vortex is cut, the port side (starboard side) filament angles in upward (downward) direction. -Spanwise gradient of the circulation. A second possible mechanism of spanwise tip vortex motion is due to Fig. 16 Grids for the LDV measurements along two crossplanes in front and behind the rudder changes in the spanwise lift or circulation. These changes can be thought of as line vortices shed from the trailing edge that give rise to spanwise velocities and, hence, propeller tip vortex motion. -Three-dimensional effect. A third effect is due to the flow roll up at the blade tip that induces an asymmetric perturbation on the suction and pressure sides and, thus, gives a contribution to the spanwise misalignment, particularly intense for the filaments on the rotation lower side.
The above-mentioned mechanisms act simultaneously, adding or subtracting their effects depending on magnitudes and directions.
Flow visualizations at high frame rate are a powerful tool to investigate the phenomenon of the tip vortex rejoining after passing the rudder (Fig. 12) . The helical vortex recovering after leaving the rudder trailing edge shows evidence of a vertical vortex joining the filaments coming from the face and the back of the appendage (Fig. 13) . The explanation of the rejoining mechanism is documented in Liu and Marshall (2004) , attributing to the boundary layer in which the tip vortex vorticity diffuses the reconnecting action of the pressure and suction side filaments in the trailing wake vorticity.
In this regard, the distribution of the vorticity magnitude obtained through 3D-LDV velocity measurements on a volumetric grid corresponding to the rejoining region (Fig. 15) shows the trace of the rejoining filament embedded in the trailing vorticity of the rudder, as a further proof of the aforementioned mechanism (see Sect. 4.2).
Velocity measurements
LDV measurements were performed along two transversal sections of the wake, just in front of and behind the rudder. Each plane is a grid of about 800 points, thickened where Fig. 18 Propeller wake impingement on the rudder leading edge: evolution of the axial velocity spanwise extracted on the rudder. The trace of the trailing wake is recognizable as a moving downward defect of the axial velocity the strongest gradients are expected (i.e., region just upstream and downstream the rudder) (Fig. 16 ). In addition volumetric LDV measurements were undertaken corresponding to the rejoining region measuring the three components of the velocity along a 20 9 20 9 20 point grid (Fig. 14) . The three-dimensional velocity field was acquired in two separate steps, rotating the experiment at the right angle. The LDA data were phase averaged using a slotting technique with 360 angular slots, 2°wide and a Gaussian weight for the statistical analysis.
Here, the wake evolution is described through the representation of the velocity field during the revolution period. In this way, each velocity distribution, in the measurement plane, is related to the corresponding blade angular position between 0°and 90°. Fig. 20 Wing element theory for the calculation of the hydrodynamic incidence, the side-force (i.e., dF y (r,h)) and the bending moment from the axial (i.e., U(r,h)) and transversal (i.e., V(r,h)) velocities. The terms dL(r,h) and dD(r,h) represent the lift and the drag contributions of the section with spanwise abscissa s* Fig. 21 Spanwise distribution of the hydrodynamic load, i.e., dK Fy , (top-left), the axial component of the vorticity, i.e., x x (top-right) for h = 30°( green), h = 60°(blue) and averaged over a complete propeller revolution (red). Distances are normalized with the rudder length l. Angular evolution of the dimensionless side-force and the bending moment (bottom) In the following paragraph just three representative angular positions of the clockwise rotating propeller, corresponding to h = 0°, h = 30°and h = 60°are shown for space reasons.
The evolution of the axial velocity field along two transversal planes, in front of and behind the rudder is documented in Fig. 17 . The rudder trace can be easily recognized as a defect of the axial velocity in both the upstream and downstream planes. The former is caused by the potential bumping of the rudder that induces locally a slowdown of the slipstream going to the stagnation point and the previously mentioned deflection of the tip vortex right in front of the appendage leading edge, as also shown in the visualizations. The latter depends on both the viscous contribution of the boundary layer and the momentum transfer from the axial to the cross components of the velocity, because the rudder is generating lift (side force).
The interaction of the blade trailing wake with the leading edge of the rudder appears as a peak of the velocity defect that moves downward along the span, during the propeller revolution. This phenomenon is documented in Fig. 18 , where the rudder spanwise distribution of the axial velocity versus the propeller angle is represented. The velocity defect of the propeller trailing wake moves toward the negative z describing a trajectory W(h) whose slope qW/qh is nearly constant during the propeller revolution. The beginning and the end of such a phenomenon are the tip vortex-rudder interactions at the rotation upper and lower sides.
The cross flow distribution is documented by the vector plots in Fig. 19 .
Phase averaged velocity field in front of the rudder leading edge provides information on the hydrodynamic loading conditions of the appendage during the propeller rotation, otherwise not available due to the low frequency response of the balance.
An estimation of the hydrodynamic loads acting on the rudder was executed using the blade element theory, calculating the spanwise distribution of the hydrodynamic incidence b and the velocity projection on the x-y plane U eff . These quantities were determined on the basis of the distribution of the axial and transversal velocities during the revolution period (Fig. 20) as follows: Fig. 22 Angular evolution of the axial vorticity for h = 0°( top-left), h = 30°(top-right) and h = 60°(bottom). The trace of the propeller vortices is identified by the method of Jeong and Hussain (1995) with U and V being the axial and transversal velocity components measured along a transversal section at the rudder leading edge, without the appendage and at the same propeller working condition, s the spanwise abscissa, h the propeller angular position. The results, shown in the top-left side of Fig. 21 , point out that the magnitude of the hydrodynamic load has a maximum at approximately the intersection between the propeller streamtube and the rudder and decreases gradually moving toward the inner sections, changing sign at about s/l = 0. This is in agreement with the spanwise distribution of the axial component of the vorticity field in the downstream plane (top-right of Fig. 21 ): actually, the trailing vorticity that is clockwise direct (x x \ 0) in the outer regions of the rudder (s/l \ -0.15 and s/l [ 0.1) changes sign in the region -0.15 \ s/l \ 0.1 where it achieves a maximum around s/l = 0. The angular evolution of the estimated side force and bending moment is shown in the bottom of Fig. 21 .
The evolution of the longitudinal component of the vorticity field x x upstream and downstream the rudder is represented in Fig. 22 . Vortex contours are identified marking the boundary of the regions with complex eigenvalues of the velocity gradient tensor (Jeong and Hussain 1995) .
The analysis of the vorticity field and the turbulent wake is a suitable way to measure the spanwise misalignment of the tip vortex filaments at the rudder trailing edge. The spanwise misalignment of the tip vortex filaments appears larger on the propeller rotation upper region, as already pointed out by the analysis of the visualizations. Comparison with the results by Johnston and Sullivan (1993) that documented a symmetric spanwise misalignment between the vortical filaments on the rotation upper and lower sides behind the trailing edge of an infinite wing suggests that tip effects might be the explanation for the different misalignments occurring in the present configuration. It follows that the aforementioned asymmetric misalignment might be a typical feature of 3D-wings or rudders, as verifiable in Felli and Di Felice (2004) also. Figure 23 shows the angular evolution of the turbulent kinetic energy. The analysis of the turbulent kinetic energy allows resolving the trace of the rudder and the blade wake, pointing out the wake deformation due to the combined action of the tip and hub vortices as well as to their interaction with the rudder. More specifically, a different mechanism acts in the downstream evolution of the tip and hub vortices and the blade wake.
The former is an increase of the turbulent trace of the tip and hub vortices, due to the combined effect of the rudderinduced perturbation and the incoming instability of the propeller slipstream; the latter is a process of progressive deformation, diffusion and dissipation of the turbulent trace of the blade wake, whose energy content is distributed on the small scale eddies.
The interaction between the blade tip vortex and the rudder is well resolved by the evolution of the turbulence field. This appears as a strong deformation and a local increase of the turbulence levels when the tip vortex crosses the rudder surface. This result confirms the previous findings of Felli and Di Felice (2004) .
Conclusions
The present paper describes the results of an experimental study aiming at investigating the flow field around a propeller-rudder configuration through time resolved flow visualizations and LDV phase sampling measurements. The collected data allowed describing major flow features that affect the performance of a rudder in the wake of a propeller, with special emphasis on unsteady-flow aspects. High-speed flow visualizations provided a deep insight into the interaction between the propeller-induced wake and the rudder downstream. In particular, the helical vortex recovering after leaving the rudder trailing edge was described clearly, as a vertical vortex joining the filaments from the face and the back of the appendage, never shown before in literature.
The effects of the potential ''bumping'' at the rudder leading edge, the double helix breakdown of the vortex filaments while moving chordwise, the chordwise and spanwise misalignments between the vertical filaments on the face and the back surfaces of the appendage, were all characterized in detail.
LDV phase sampling techniques allowed achieving an effective reconstruction of the flow field where the propeller wake interacts with the rudder surface. The analysis of the axial and horizontal velocity components, at the rudder leading edge, as well as the distribution of the trailing vorticity, downstream the rudder, provided quantitative information of the complex unsteady flow.
